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Abstract 

Effective long-term monitoring of commercial carbon dioxide (CO2) geosequestration sites must involve multiple and integrated 
measurement, monitoring, and sampling techniques in order to identify and quantify CO2 leakage.  Measuring changes in CO2 
soil gas concentrations in the shallow sub-surface can be problematic due to naturally variable background levels, water table 
elevation changes, and interference from surface operations.  This project focuses on modeling CO2 physical and chemical fate 
and transport in saturated near-surface zones (<100 m) under varying geological conditions to identify key geochemical variables 
that can be used in long-term monitoring programs to detect and track CO2 leakage.  Numerical simulations were performed 
using the TOUGHREACT modeling suite to approximate the reactive transport of CO2 introduced at various depths below the 
water table.  Results indicate that CO2 reaction products in groundwater can be used as surrogate measures of CO2 transport.  
Site-specific characterizations of soil, rock, and groundwater compositions are critical to quantifying interactions that will affect 
chemical reactions within the rock matrix and groundwater.  Sensitivity analyses have been performed to investigate the impacts 
of soil and water chemistry on geochemical markers such as pH, alkalinity, and major cation concentrations.  Results from this 
study indicate that modeling of the near-surface reactive transport of CO2 can be used to guide sampling efforts, thereby 
improving the efficiency of monitoring programs aimed at detecting CO2 leakage from geosequestration.
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1. Introduction 

Carbon capture and storage has been gaining national and international attention as a method of mitigating global 
warming by capturing and storing carbon dioxide (CO2) before it is released into the atmosphere.  Effective long-
term monitoring of commercial CO2 geosequestration sites must involve multiple and integrated cost-effective 
measurement, monitoring, and sampling techniques in order to identify and quantify CO2 leakage.  Such programs 
must be based upon site-specific geologic and hydrogeologic information so that preferential flow paths and hence 
key monitoring locations can be identified.  Monitoring of CO2 in near-surface soils is complicated due to naturally 
variable conditions; hence, analogs, such as changes in groundwater constituents to measure CO2 contamination 
from geologic storage formations may provide timely and cost effective indicators of CO2 leakage.  Deep hole 



 

monitoring and routine seismic testing can provide information on plume movement after injection.  However, 
potential leakage from the primary storage formation through fractures, faults, abandoned wells, or other preferential 
flow paths may occur, and long-term monitoring programs in the near-surface regions must be in place for 
environmental protection.  However, measuring changes in CO2 soil gas concentrations in the very shallow sub-
surface (< 10 m) can be problematic due to naturally variable background levels, water table elevation changes, and 
interference from surface operations.  This project focuses on identifying changes in groundwater composition and 
subsurface gas content in the near-surface saturated groundwater zones as surrogate measures of CO2 leakage 
through numerical simulation of fate and transport of CO2 using TOUGHREACT software.  

2. Geochemical reaction products 

Geochemical reaction products of CO2 with ground water and with the rock matrix may prove to be timely and 
sensitive indicators of CO2 leakage depending on site specific hydrogeologic and geologic characteristics.    
Potential monitoring variables may include pH, concentration of calcium ion (Ca2+), concentration of bicarbonate 
ion (HCO3

-), and the partial pressure of CO2 (PCO2).  For example potential leakage of sequestered CO2 into the 
groundwater can initiate the following reactions (assuming the presence of calcium carbonate in the soil matrix): 

 

CO2 (gas) + H2O ↔ H2CO3  (1) 

H2CO3  ↔ HCO3- + H+  (2) 

 CO2 (gas) + H2O + CaCO3 ↔ Ca2+ + 2HCO3
- (3) 

H+ + CaCO3 ↔ Ca2+ + HCO3
-  (4) 

 
A suite of numerical simulation codes, TOUGH, have been developed primarily at Lawrence Berkeley National 

Laboratory with the capability to model multiphase flows in the vadose zone and other subsurface flow systems.  
TOUGHREACT couples TOUGH2 (general purpose code released in 1991) with a general chemical speciation and 
reaction package [1]. Different equations of state (EOS) formulations have been developed for different 
combinations of subsurface fluid mixtures of CO2, water, air, brine, non-condensable gas, and volatile and water-
soluble radionuclides.  This study utilized TOUGHREACT code with the EOS2 module for water and CO2, to 
model the fate and transport of CO2 in near-surface saturated groundwater zones. 

3.  Hypothetical site and model grid configuration 

Typical geologic sequestration of CO2 will occur in a variety of types of reservoirs at depths greater than 700 m.  
Leakage or seepage from geologic sequestration may occur due to subsurface features providing flow paths for the 
buoyant CO2.  For this study, a fracture/fault system provides preferential flow from the deep CO2 reservoir to the 
near-surface saturated zone located at 100 m below the ground surface.  This preferential flow path truncates within 
the saturated zone, allowing CO2 (gas) to enter the aquifer.  Figure 1 illustrates the hypothetical flow path from a 
deep storage reservoir and a representative cross-section of the grid used in the model.  This grid represents a cross 
section of 100-m by 100-m (Figure 1) with constant depth and thickness of 1-m and varying widths according to 
distance horizontally from the injection cell: 

 
• x and z-directions: 1-m 
• y-direction:   

0 - 35 m: 5-m width  
35 - 65 m: 1-m width  
65 - 100 m: 5-m width 
 



   

Grid cells shown in red (Figure 1) illustrate the entry point of the CO2 into the model grid.  The width of the fault 
(and hence the cross-sectional width of CO2 entry into the ground water) was arbitrarily set at 20 m and the x- and z-
directions of the grid cells were set to 1 m.  The 2-dimensional grid cross-section in Figure 1 illustrates the varying 
width of cells in the y-direction, with finer grid size in the region of higher concentrations of CO2, and the 1 meter 
spacing in the z-direction.  Because the modeled mass flux rate was set to match the flux rates established by 
Oldenburg and Unger, the surface dimensions of the fault have no bearing on the results. 

 

 

Fig. 1.  Hypothetical flow path and model grid. 

4. Model framework 

TOUGHREACT can be applied to one-, two- or three-dimensional porous and fractured media with physical and 
chemical heterogeneity [2].  The present version of TOUGH codes provides several equation-of-state (EOS) 
modules to account for different fluid properties.  In this case, TOUGHTREACT and EOS2 were used to account 
for water-CO2 interactions during CO2 buoyant transport through the saturated zone near the surface.  

 



   

Advective mass flux is based on individual phase fluxes using a multiphase version of Darcy’s Law.    Chemical 
reactions for CO2 in the sub-surface matrix involved complexation, dissolution, precipitation, ex-solution, and ion 
exchange.  Reaction rates were defined by kinetic rate laws, cation exchange chemistry, and Henry’s Law for gas-
liquid equilibrium [2]. 

 
The model of the hypothetical near-surface saturated zone was set up to include no-flow boundaries at the water 

table and bottom of the saturated zone (due to a presumably low permeability unit).  Constant thermodynamic 
boundaries were established in the horizontal directions and isothermal conditions were assumed.  The model was 
allowed to spin up to steady-state (no CO2 or water flux) to establish in-situ water chemistry equilibrium with rock 
mineralogy.  Hydraulic parameters for typical sandstones for Gulf Coast regions were obtained from literature [3] 
and used in the modeling of the fate and transport of CO2.    

5. Experimental treatments 

Two different rock matrices were evaluated in order to investigate buffering capacity of the rock matrix on the 
CO2 reactions.  The subsurface rock and mineral properties were assumed to be homogenous throughout the 
simulated groundwater zone.  The two matrices were: 

 
1.  Sandstone with calcite cement (SCC) (buffering potential): 

• 60% quartz grains 
• 35% clay matrix 
• 4% calcite cement 
• 1% K-spar (derived from GCAGS [1968]) 

2. Quartzarenite Sandstone (QTZ) – 100% quartz (no buffering). 
 
In addition to setting up two different rock mineralogies, this study also investigate three different leakage rates 

from the deep CO2 reservoir.  Oldenberg and Unger [4] estimated leakage and seepage from a prototypical 
geological sequestration site containing a mass of 4E9 kg of CO2 using leakage rates of 0.001%, 0.01% and 0.1% 
per year of total sequestered mass.  In Oldenberg and Unger’s work, CO2 was leaked into the near-surface 
unsaturated zone over an area with a radial distance of 100 m yielding approximate mass flux of CO2 at 4.04 E-8 
kg/m2 sec, 4.04E-7 kg/m2 sec, 4.04E-6 kg/m2 sec [4].  These same flux rates were used in this present study.   

 
One additional study included to investigate the effect of lateral flow through the saturated groundwater zone on 

the assimilative capacity of the groundwater.  In the base case, lateral flow was not considered.  However, in our 
final study, lateral flow was generated by establishing a hydraulic gradient of 0.001 in the horizontal or y-direction. 

6. Results and discussion 

In the first study comparing the impact of rock matrices on geochemical changes in the groundwater, it was found 
that the buffering capacity of the SCC is suppressed given a continuous source of CO2 and the kinetic limitations of 
calcite dissolution.  As shown in Figure 2, pH changes in the saturated zones were similar between the SCC and 
QTZ indicating the pH changes would be noted in either type of soil. 
 



    

  

Fig. 2.  Comparison of pH in SCC and QTZ after 1-year at 0.1% yr-1 leakage. 

The second study addressed the assimilation capacity of the simulated aquifer (sandstone based rock matrix) by 
varying the leakage rates.  Only at the leakage rates of 0.1% and 0.01% yr-1 were geochemical changes noted in the 
groundwater.  Figure 3 illustrates the results from various leakage rates over a period of 30 days, 140 days, and 365 
days.  In the first four columns, gas content (Sg), bicarbonate concentration (HCO3

-), calcium ion concentration 
(Ca2+) and pH are shown for the largest leakage rate of 0.1% per year.  The last two columns show pH and indicate 
near complete and complete assimilation of the CO2 at rates of 0.01% yr-1 and 0.001% yr-1.   

 
 

  

Fig. 3.  Sg, HCO3
-, Ca2+, and pH in SCC. 



  

Chemical changes are predicted to occur in and at the fringe of the CO2 gas plume.  In the case of 0.1% leakage, 
the pH decreased from an initial condition of approximately 6.8 to less than 3.9 within 140 days and the HCO3

- 
concentration increased by two orders of magnitude.  Calcite dissolution is predicted to occur only at 0.1% yr-1 

leakage primarily at the edges of the CO2 plume.  Changes in sodium, potassium, and magnesium ion concentrations 
were not of great enough magnitude for reliable detection. 

 
Given lateral groundwater flow, in this case produced by a 0.001 horizontal gradient, this methodology can be 

used to determine a potential zone of influence of the CO2 plume considering site-specific hydrogeology.  Figure 4 
illustrates the pH change within the near-surface sandstone aquifer after 1-year with the 0.1% leakage rate. 
 

  

Fig. 4.  pH in SCC at 1-year 0.1% leakage with 0.001 gradient. 

7. Conclusions 

At deep geological CO2 sequestration sites, the model results indicate that concomitant changes in pH and HCO3
- 

in the shallow subsurface provide the best indication of CO2 leaks having the potential to reach the water table.  
Monitoring instruments for these parameters are reliable and cost-effective, with high-frequency measurement 
capacity and minimal data processing requirements.  Monitoring these chemical parameters can easily compliment 
other monitoring options such as injected tracers and soil gas analyzers.  The model results suggest that cations 
produced from ion exchange reactions in the shallow subsurface would be difficult to detect and hence would not be 
a cost-effective option for monitoring CO2 leakage. 



   

8. Recommendations 

The plume in this example has a limited range of transport from the leak.  However, the range of transport will 
depend strongly on the hydrogeologic characteristics of the site.  Therefore, a complete geologic assessment of a site 
is of the utmost importance for effective deployment of monitoring instruments and determining the type and range 
of chemical reactions.  Site assessment should include: 

 
• hydrogeology (local gradients, hydraulic parameters); 
• hydrostratigraphy; 
• petrography; 
• structural geology (particularly preferential flow paths); and 
• and extent and location of anthropogenic structures. 
 

Such characterization in conjunction with fate and transport modeling can help optimize monitoring programs at 
CO2 storage sites. 
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